Antibody arrays represent one of the high-throughput techniques that are able to detect multiple proteins simultaneously. One of the main advantages of this technology over other proteomic approaches is that the identities of the measured proteins are known or can be readily characterized, allowing a biological interpretation of the results. Features such as lower sample volume and antibody concentration requirements, higher format versatility, and reproducibility support the increasing use of antibody arrays in cancer research. Clinical applications include disease marker discovery for diagnosis, prognosis, and drug response, characterization of signaling and protein pathways, and modifications associated with disease development and progression. This report presents an overview of technical issues of the main antibody array formats and various applications in cancer research. Antibody arrays are high-throughput tools that improve the functional characterization of molecular bases for disease. Furthermore, identification and validation of protein expression patterns, characteristic of cancer progression, and tumor subtypes may intervene and improve tailored therapies in the clinical management of cancer patients.
(Cy3 or Cy5) 1 . In indirect labeling, proteins are labeled with a tag that is later detected by a labeled antibody. One-antibody label-based assays allow the incubation of 2 different samples, each labeled with a different tag on the arrays. These types of assays, therefore, allow the use of a reference sample that is coincubated with a test sample and facilitates normalization (1, 6, 7 ) . Another advantage of these types of assays is that they are competitive-the analytes in the test and reference solutions compete for binding at the antibodies (1, 6, 7 ) , leading to improvement in linearity of response and dynamic range compared with noncompetitive assays (7 ) . The main disadvantage of these types of assays is the disruption of the analyteantigen interaction by the label, which may limit detection as well as sensitivity and specificity.
In the sandwich label-based format, immobilized antibodies capture unlabeled proteins, which are detected by another antibody, with the signal for detection generated by several methods (Fig. 1B) . The use of 2 antibodies targeting each analyte confers greater specificity than label-based assays. The reduced background of these assays also increases the detection limit. The sandwich format allows only noncompetitive assays, because only 1 sample can be incubated on each array (1, 6, 7 ) . Noncom- petitive assays have sigmoidal binding responses, which are linear in competitive formats, and require standard curves of known concentrations of analytes to achieve accurate calibration of concentrations (7 ) . Sandwich assays are more difficult to develop in a multiplexed manner than label-based assays, because matched pairs of antibodies and purified antigens may not be available for each target, and the potential cross-reactivity among detection antibodies increases with additional analytes (6, 7 ) . The size of multiplexed sandwich assays is limited to 30 to 50 different targets (1, 6, 7 ) , in contrast to 1-antibody assays, for which only the availability of antibodies and the space on the substrate limit the number of targets analyzed. Suspension or bead-based arrays use different fluorescent beads. Each bead is coated with a different antibody, and all beads are spectrally resolvable from each other (8 -12 ) . The beads are incubated with a sample to allow protein binding to the capture antibodies, and the mixture is incubated with a cocktail of detection antibodies, each corresponding to one of the capture antibodies. The detection antibodies are tagged to allow fluorescent detection. The beads are passed through a flow cytometer system, and each bead is probed by 2 lasers, 1 to read the color or identity of the bead, and another 1 to read the amount of detection antibody on the bead (8 -12 ) . Multiplexed bead-based flow-cytometry assays represent an active area of development. Differentially identifiable beads coated with proteins, autoantigens, or antibodies use a cytometer system to identify a variety of bound antibodies or proteins (8 -12 ) . Advances in instrumentation and bead chemistries will probably make this approach valuable for the detection of circulating cancer cells in clinical practice. In another version of this method, suspensions of cells are incubated on antibody arrays, and the number of cells that bind each antibody is quantified by dark-field microscopy. These arrays enable characterization of multiple membrane proteins in specific cell populations or changes in cell surfaces induced by drug therapies.
Other antibody and protein array approaches are modifications of 1-antibody and sandwich label-based arrays. These alternative strategies of protein arrays allow detection of proteins on whole cells without protein isolation (Fig. 1C) (6, 12 ) . A growing area of cancer research that uses protein arrays on serum specimens entails the development and design of tumor-associated antigen (TAA) arrays to enhance detection of autoantibodies against TAAs for cancer diagnosis (Fig. 1D) . The rationale is related to the presence of antibodies in the cancer sera that react with a unique group of autologous cellular antigens or TAAs (13, 14 ) . Complex protein extracts can also be spotted onto membranes and probed with antibodies targeting specific proteins on the so-called reverse-phase arrays (15, 16 ) (Fig. 1E) . Proteins in suspension can also be detected by use of bead arrays (Fig. 1F) (8 -12 ) .
Technical Issues Using Planar Antibody Arrays reagents
The main bottleneck to the development of highly multiplexed antibody arrays is the requirement for ligands with specific affinity for each analyte. Polyclonal antibodies may have higher background and lower specificity and detection limit than monoclonal antibodies. For sandwich arrays, monoclonal/polyclonal pairs are more readily available than matched monoclonal antibody pairs targeting different epitopes of a given protein. In vitro selection of antibodies by phage-ribosome or mRNA display technologies and engineered binding molecules have increasingly important roles in generating ligands with specific affinity for analytes, for which antibodies are unavailable (17 ) . A novel strategy to produce specific antibodies has been validated, optimizing the design of protein subfragments of a selected size with a minimal sequence similarity to other proteins. The fragments are selected with an alignment scanning procedure based on a principle of lowest sequence similarity to other human proteins, optimally to generate antibodies with high selectivity (18 ) .
Because antibodies cannot be manufactured with known affinity and specificity, it is advisable to validate the specificity and sensitivity of each antibody before used as a probe for protein arrays. Identification of a single band at the specified molecular weight on Western blotting and immunoprecipitation followed by mass spectrometry, is a common strategy for validating the specificity and sensitivity of the proposed antibody (1, 12 ) . Recombinant antigens can be used as positive and negative controls for printing (depositing the antibodies onto the slides), calibration, and detection (1, 6, 12 ) .
The linearity range of the assay depends on the antibody-antigen affinity. Linearity can be achieved only when the concentration of the analyte and antibody matches the affinity constant. When antibody arrays are used, it is advisable to include dilution and recovery experiments evaluating the specificity and affinity of the antibodies for their ligands. Multiplexed formats that include multiple antibodies with various affinities might not achieve high linearity for all analytes under study. In sandwich assays, it is necessary to have 2 distinct antibodies that are able to bind 2 available nonoverlapping epitopes on the same protein. The use of 2 different affinity constants for each tagging reaction doubles the stringency of the detection system (6, 12 ) . production It is necessary to immobilize antibodies in such a way that the functional component will be efficiently deposited without interfering with the subsequent binding. Conditions such as humidity, temperature, dust, and pin washing should also be stringently controlled during the printing step. Various immobilization and detection strategies are devised according to which target molecules are to be measured and which are used to capture them. The Clinical Chemistry 52, No. 9, 2006 attributes of an ideal substratum for antibody arrays include limited nonspecific binding, high surface area-tovolume ratio, inertness to biological molecules, minimal autofluorescence, and compatibility with available detection methods. A variety of surfaces and immobilization chemistries have been described for antibody arrays. Derivatized supports in which capture antibodies are immobilized include surfaces such as polyvinylidene difluoride, nitrocellulose, agarose, polyacrylamide, and hydrogels. Glass slides are frequently coated with 1-, 2-, or 3-dimensional structured surface modifications that can be activated with aldehyde, polylysine, or a homofunctional cross-linker as part of the initial optimization experiments (6, 12, 19 ) . The advantages of using a distinct coating or surfaces under different blocking, pH buffering, or ultraviolet cross-linking conditions for specific applications have been described (19 ) . Glass slides coated with silane or acrylamide hydrogel can provide good reproducibility from day to day, efficient immobilization of antibodies, and low background when used in conjunction with fluorescence detection. Once the antibodies are immobilized, it is necessary to block nonspecific proteinbinding sites on the printed microarrays. Suitable blocking solutions include diluted bovine serum albumin and casein solutions (1, 6, 12, 15, 16 ) . The use of bead-based arrays makes it possible to suppress nonspecific serologic binding by preincubating serum specimens with background inhibitors, such as polyvinylalcohol and polyvinylpyrrolidone and others. These treatments can considerably decrease nonspecific background that affects Luminex assays (11 ).
labeling-hybridization methods
Several labeling and detection methods can be used for 1-antibody and sandwich label-based planar arrays (Fig.  2) . The signal can be generated by a fluorescently labeled detection antibody ( Fig. 2A) , the approach used in typical sandwich arrays that requires chemical labeling of all secondary detection antibodies. The assay is a simple 2-step procedure that does not require a separate staining step (20, 21 ) .
The 2nd possibility is the use of a species-specific fluorescently labeled tertiary antibody (Fig. 2B) . This option avoids the use of large, chemically modified, detection antibodies but limits the species of the capture antibodies. The 3rd option uses available biotinylated detection antibodies (Fig. 2C) (21 ) . In these assays, detection occurs after staining the sandwich complex with Cy3-labeled streptavidin or other streptavidin variants such as Texas Red conjugates or streptavidin-R-phycoerythrin (SAPE) (21 ) . The 4th possibility is based on further amplification of the fluorescent signal by use of a second layer of SAPE coupled to the 1st layer via an anti-SAPE antibody (Fig. 2D) . Alternatively, in the 5th option, the number of biotin labels can be increased via tyramide signal amplification (Fig. 2E) (6 ) . An antibiotin horseradish peroxidase (HRP) will generate a tyramide radical that cross-links a biotin or a fluorophore to all exposed tyrosine residues of any protein near the recognition event (6 ) .
Chemiluminesce, the 6th possibility, can be used in multiplexed sandwich assays (Fig. 2F ) with a streptavidin-horseradish peroxidase (HRP) or a species-spe- cific antibody conjugated with HRP or alkaline phosphatase and chemiluminescence substrates. Chemiluminescence is typically more sensitive than standard fluorescence. A polymer decorated with streptavidin and europium chelates is used not only for microplate but also for microarray measurements. Evanescence wave-guide can be used as an alternative to ultrasensitive fluorescence (22 ) . Rolling circle amplification can be applied as the 7th option for signal generation (Fig. 2G) . The 5Ј end of an oligonucleotide primer is attached to an antibiotin antibody (23 ) . After the antibiotin antibody is bound to the biotinylated detection antibody of the sandwich, the oligonucleotide is enzymatically extended with a circular DNA sequence as template. Fluorescently labeled short oligos are then hybridized to the extended DNA, decorating each bound antibody with thousands of fluorophores (21 ) . An alternative 8th staining method, with sensitivity similar to evanescence wave technology and rolling-circle amplification, involves the use of colloidal gold particles coated with an antibiotin antibody (24 ) . Because of resonance light scattering (RLS), these particles scatter white light very intensely, and quantitative readouts of miniaturized sandwich assays can be obtained with a simple charge-coupled device camera-based imaging system (Fig. 2H) (24 ) . Unlike fluorescence and chemiluminescence, resonance light scattering does not photobleach particles (17, 20 -24 ) .
detection methods
The main detection methods used for antibody arrays include radioactivity, fluorescence, and chemiluminescence. Radioactivity is not frequently used because of safety concerns and its longer exposure times (up to 10 h). Fluorescence is one of the most frequently used detection methods. Fluorophores, like chromogens, are present in many formulations and have defined emission spectra. Fluorescein, rhodamine (Texas Red), phycobiliproteins, nitrobenzoxadiazole (NBD), acridines, Cy3, Cy5, and bodipy compounds are commonly used for protein labeling (20, 21 ) . Selection of fluorophores for use with microarrays depends on sample type, substrate, emission characteristics, and the number of analytes to be assayed. Because of the inherent autofluorescence of some materials, which considerably decreases the signalto-noise ratios, not all substrates are compatible with fluorescent detection strategies (19 ) . Nitrocellulose-coated slides cause light scatter and higher background than aldehyde-treated slides do, and laser scanner detection methods limit the use of nitrocellulose substrata for fluorescent detection methods (19 ) . The sample may also have components that interfere with a selected fluorophore. Flavoproteins autofluoresce, emitting light in the same region as fluorescein and limiting the use of this fluorophore in samples rich in flavoproteins (e.g., liver and kidney tissues). Photobleaching and quenching of fluorophores can decrease the total signal observed on an array. Because they overcome these effects, the Cy3 and Cy5 dyes are commonly used for fluorescent detection. These dyes are suitable for fluorescence detection because of their decreased dye interactions, increased brightness, and the ability to add charged groups to the molecules (19 -21 ) . Fluorescent-tagged proteins, including antibodies, can be used in both indirect and sandwich strategies to detect immobilized molecules on a microarray. Applied to high-throughput screening for drug discovery, fluorescent labels, such as Cy3, can also be coupled to enzyme inhibitors such as fluorophosphonate, vinyl sulfone, and phosphatase, and used for enzyme classification and testing of potential inhibitors. Streptavidin-biotin amplification chemistries can also be applied to fluorescence detection strategies (20, 21 ) . Fluorescence detection can be coupled to signal amplification, such as rolling circle amplification, to provide sufficient sensitivity for most applications (20, 21, 23 ) .
Chemiluminescent detection methods are based on Western blotting protocols for detection of antigen-bound antibodies with secondary antibodies conjugated to alkaline phosphatase or HRP (20, 21 ) . Chemiluminescence is highly sensitive and can be applied to any of the label detection methods, but it may pose limitations because of its dynamic range and compatibility with multiplexing. Amplification strategies such as biotinyl-tyramide can be applied to chemiluminescence. A useful application consists of total protein determinations made directly on arrays using a ruthenium organic complex, which interacts noncovalently with proteins immobilized on nitrocellulose (25 ) . The dye is applicable to arrays printed on nitrocellulose membranes. This type of total protein analysis is useful for minute sample volumes in which a protein spectrophotometric analysis would not be feasible.
In the field of bio-and chemosensors, many detection principles have been developed based either on the observation of fluorescence labeled systems or on direct optical detection in the heterogeneous phase. Newly developed fluorescent systems, such as quantum dot technology, together with immunofluorescent semiconductor materials and continued research in nanotechnology, are key to optimizing microarray detection strategies for subcellular multianalyte analyses (26, 27 ) . Direct optical detection can be determined by measuring remission (absorption of reflected radiation), microrefractivity, or interference. In the latter case of optical interference, either interferometers or measurement of changes in the physical thickness of the layer (measuring microreflectivity), for example those caused by swelling effects in polymers (from interaction with analytes) or in bioassays (from affinity reactions), also play an important role (27 ) . Examples of interference arrays are optically coated silicon wafers that capture antibodies adsorbed to their surface. Secondary antibodies can be conjugated to HRP, which catalyzes the formation of a thin film on the surface in the presence of a precipitating substrate. The film changes the color of the microarray by altering the interClinical Chemistry 52, No. 9, 2006 ference pattern of reflected light. This assay, which represents the concept of biosensors as low multiplexed antibody arrays (26, 27 ) , yields qualitative results that can be determined visually and quantitative results that can be obtained with a charge-coupled device camera. An alternative to the optical interference-based array is the use of surface plasmon resonance imaging to develop label-free protein arrays. SPR imaging makes it possible to fabricate arrays with controlled surface density of antigens and provides qualitative and quantitative evaluation of antibody binding in a label free format (28 ) .
array design
To efficiently and reproducibly measure multiple proteins simultaneously with high sensitivity, specificity, and quantitative accuracy over large concentration ranges, it is necessary to consider quality control issues in the design of the arrays (1, 6, 12 ) . Optimal assessment of the technology through filtering and data analyses procedures will later address the linearity, calibration, and specificity of the antibodies, as well as whether labeling and/or hybridization protocols are optimized adequately to ensure high signal-to-noise ratios (29 ) . The experimental designs should include replicates and controls to evaluate the intra-and interassay reproducibility of the measurements, and they should include means for normalization of the intra-and interassay results (29 -31 ) . The array should also include appropriate means to test for the presence of potential antibody interference and cross-reactivity. In this regard, the quantity of antibody spotted can be used to standardize the antigen concentration. It is possible to use an internally controlled system in which one color represents the amount of antibody spotted and the other color represents the amount of the antigen used to quantify protein expression. This normalization for antibody spot intensity can decrease variability and lower the limits of detection of antibody arrays (31 ) . Such strategy allows scaling up the technology for high-throughput screening for hundreds of proteins in complex biofluids such as blood (31 ) .
data analysis
The establishment of a filtering process to assess the quality of the data is a critical step in using quantitative data obtained through antibody arrays. The conceptual similarity of label-based antibody arrays and 2-color competitive detection genomic arrays has allowed the application of normalization and data analysis tools classically used for cDNA arrays to be used for protein profiling with antibody arrays (29 ) . The first rank of quality control deals with the experimental design of the printing of the antibody arrays, which should include various replicated spots dispersed along the complete surface of the array as well as controls in every experiment (1, 6, 12 ) . The initial control of the scanned data is at the spot level, performed with the scanner software, e.g., GenePix (29 ) . The created customized report can be used to analyze the quality of the spots, and spots of low quality can be flagged. The criteria to flag the spots may include the SDs away from background, the R 2 , or the percentage saturation (29 ) . At the array level of comparison, the quality control of the data includes normalization of the array, as well as calculation of mean and SD of the intensities of each antibody in its various replicates along the slide (29 -32 ) . Spots with high SDs between replicated spots can be filtered out. Normalization of the arrays can be performed with the mean intensity of each array (30 ) , protein standards such as IgG (1, 32, 33 ), or internal controls based on antibody spot intensity (31 ) .
In the next stage of filtering the data, each experiment set is compared, and results are calibrated to a dilution series of the antibodies by a best-fit line, removing data with high variability. The results can also be correlated to independent measurements obtained through ELISAs to quantify targets included in the antibody arrays. At this step, if the series for an antibody is bad, the antibody can be flagged. It is possible to set thresholds of expression for an antibody, specifying a maximum and minimum ratio for spots to be considered in further analyses (29 ) . This is a critical step because it filters the input data based on the SD between replicate spots and the output data based on the SD of dilution experiments. The last stage of quality control is to compare independent sets of experiments based on internal controls that will allow comparison between experiments performed on different days. The combined use of unsupervised and supervised methods can identify protein patterns associated with disease progression and clinical outcome.
Applications in Cancer Research with Various Specimens body fluids
For cancer diagnostics, direct-labeling methods have been applied to the detection of proteins in the serum of patients with prostate cancer (32 ) . The use of a 2-color rolling circle amplification method improves the detection of low-quantity proteins. This method has also provided adequate reproducibility and accuracy for protein profiling on serum specimens and clinical applications (23, 33, 34 ) . Sandwich assays can also measure proteins in body fluids by using detection methods such as RLS (35 ) , enhanced chemiluminescence (36 ), tyramide signal amplification (37 ), and fluorescence (38 ) . Reverse protein arrays have also been optimized for use with spot serum specimens and to obtain high-throughput measurement of IgA in thousands of sera from a single experiment (39 ) . Antibody arrays for bladder cancer have been designed by selecting antibodies against targets differentially expressed in bladder tumors identified by gene profiling (40 ) . Serum protein profiles obtained by 2 independent antibody arrays provided comprehensive tools for bladder cancer diagnosis and clinical outcome stratification (40 ) . Validation analyses with ELISA and immunohistochemistry on tissue microarrays confirmed the relevance of identified proteins for tumor progression. This strategy provides experimental evidence for the use of several integrated technologies, strengthening the process of biomarker discovery.
Serum specimens can be used to profile the humoral immune signature of cancer patients for detection of both auto-antibodies against tumor antigens and secreted cytokines. The combined detection of antibodies against a group of TAAs has provided high sensitivity for the diagnosis of prostate cancer (13 ) . The use of phage display arrays can enhance the tumor subtype specificity of such measurements (13, 14 ) . Cytokine profiling of serum and plasma specimens is one of the most widely reported applications of protein array technology for autoimmune diseases and, to a lesser extent, neoplastic diseases. Studies in clinical materials and in vitro systems have revealed the potential of cytokine profiling with antibody arrays for characterizing hematologic neoplasias (8 -10, 38 ) . Cytokine profiles can support differentiation of cancer patients from controls and stratification of patients with leukemia based on clinical outcome. Several reports have also compared the reproducibility and differences among the several technologies available for multiplexing cytokine measurements, including planar and bead-based antibody arrays (8 -10 ) .
The interstitial fluid that perfuses the tumor environment has also been used for protein profiling with antibody arrays, not only for biomarker discovery of tumorsecreted proteins for tumor diagnosis but also for the development of targeted therapies, as reported for breast cancer (41 ) . Interestingly, labeling and hybridization methods have been optimized for multiple protein detection on specimens of cerebrospinal fluid, characterized by low protein concentrations. This approach would have diagnostic applications in cancer and infectious diseases (42 ) . Noninvasive body fluids such as saliva, sputum, and urine can be used for clinical application of antibody arrays, but labeling and hybridization protocols must be optimized to the sensitivities required for such specimens. The development of diagnostic and prognostic markers by using these samples may provide improved, noninvasive approaches to clinical management of cancer patients.
tissue specimens
In addition to diagnostic, prognostic, and response-totherapy studies, multiplexed studies of intracellular or secreted proteins with differential expression in tumor specimens are applications of antibody arrays. The use of antibody arrays to measure protein concentrations, phosphorylation states, and signaling pathways is another approach to characterizing the biology underlining tumorigenesis and progression (16, 43 ) .
Comprehensive gene profiling analyses can be used to identify tumor targets relevant to specific neoplasias for antibody-array design (40 ) . Such approach can be applied in antibody-based proteomics to generate protein-specific affinity antibodies to functionally explore the human proteome. Specific protein epitope signature tags (PrEST) can be identified and used to raise monospecific, polyclonal antibodies and can be subsequently analyzed on paraffin-embedded sections of malignant and healthy tissue. Genome-based affinity proteomics, using antibodies induced by PrEST, is an efficient way to rapidly identify several disease-associated protein candidates of known and unknown identity (44 ) . A descriptive and comprehensive protein atlas for tissue distribution and subcellular localization of human proteins in both healthy and cancer tissues is being created (45 ) . The antibodies generated can be used to analyze corresponding proteins in a wide range of assay platforms, including: (a), immunohistochemistry for detailed tissue profiling; (b), specific affinity reagents for various functional protein assays; and (c), capture (pull-down) reagents for purification of specific proteins and their associated complexes for structural and biochemical analyses (45 ) .
It is possible to study protein profiles of frozen resected tumor specimens using antibody and reversed-phase protein arrays. Laser capture microdissection can be used to remove selected tumor and/or stromal counterparts within a tissue specimen (16, 43, 46 ) . This is relevant in heterogeneous tumors such as breast or prostate neoplasias (43, 46 ) . In analyses, using isolated proteins from tissue specimens, validation studies may include not only Western blotting but also immunohistochemical analyses (31, 40 ) . The use of 2-color, comparative fluorescence assays, such as Cy3 and Cy5, allows comparison of 2 disease status determinations, enabling clinical applications for biomarker discovery, for example by comparing protein profiles of tumor specimens with their respective healthy counterparts, as has been reported for breast cancer (43 ) .
Protein analyses with antibody arrays allows monitoring of multiple cell-signaling endpoints and thus mapping of specific cellular networks to reverse-phase protein arrays by use of a parallel approach, as described for prostate cancer (46 ) . Changes in phosphorylation status or cleaved states of key signaling proteins can be evaluated with antibody arrays. It is possible to test whether a pathway might become blocked by chemotherapeutic agents. Analyses of these pathways might reveal relevant information for designing individual targeted therapies and/or combinatorial strategies directed at multiple nodes in a cell-signaling cascade. The use of strategy with protein extracts from tumors may be used to test and predict responses to novel drug therapies (16 ) .
cell culture
In vitro studies using antibody arrays allow in-depth analyses of cancer biology. Two-color comparative fluorescence analyses can compare protein changes of 2 experimental conditions associated with disease progression or drug effects (43, 44 ) . Cytokine profiles of cell lysates have also been compared with those obtained from body fluids and tissue extracts (47 ) . The use of Clinical Chemistry 52, No. 9, 2006 antibody arrays for high-throughput profiling of cultured cells can be useful to evaluate signaling pathways including tyrosine kinase networks (45 ) . Forward and reverse arrays can assess the presence of phosphorylated and unphosphorylated forms of proteins, if adequate antibodies are available to address specific posttranslational modifications of target proteins (10, 14, 46, 47 ) . Antibody arrays can profile enzyme activities in protein extracts and cell culture supernatants and can provide a convenient platform to evaluate activity-based protein profiling with high sensitivity and specificity and less sample consumption than initial gel-based strategies for assessing the functional state of enzymes. Complex protein samples are treated with fluorescent activity-based probes, and the labeled enzymes are captured and detected on antibody arrays targeting the enzymes (48 ).
Summary
In summary, antibody arrays can be used for the following applications: (a) discovery of candidate disease biomarkers; (b) characterization of signaling pathways, disease progression, clinical subtypes, and outcomes; (c) measurement of changes in posttranslational modifications or expression of disease-related proteins; (d) identifying binding partners to proteins, especially in functional studies for drug discovery; (e) epitope mapping for determining regions of proteins that bind specific antibodies.
Multiple challenges that remain in the design and application of antibody arrays include (12, 53, 54 ) : (i) poor understanding of protein immobilization; (ii) limited dynamic ranges of 2 or 3 orders of magnitude; (iii) lower accuracy and reproducibility than clinical immunoassays; (iv) molecular protein complexity and denaturation affecting immunoreactivity; (v) lack of standards and calibrators; and (vi) need for high-affinity and specific antibodies for target antigens. Such challenges are being addressed by the multi-institutional efforts of the Human Proteome Organization toward the standardization of critical variables in serum and plasma proteomic analyses. Initial studies provide guidance on preanalytic variables that can alter the analysis of blood-derived samples, including choice of sample type, stability during storage, use of protease inhibitors, and clinical standardization (53 ) . As part of the Human Proteome Organization approach, it is also critical to standardize statistical strategies for highconfidence protein identification and data analysis. These efforts and strategies toward integrating proteomic datasets will lead to accurate and comprehensive representation of human proteomes (54 ) .
In conclusion, the methods and applications of antibody arrays are increasing in scope and effectiveness. The use of several proteomic methods represents a strategy that not only provides complementary information but also produces added benefits for cancer diagnostics and characterization of the biology underlining tumor progression. Antibody arrays and new formats that may be developed in the near future are likely to markedly accelerate the rate of biomarker discovery and characterization of cancer-specific pathways that will eventually lead to the development of individualized therapies that take into account markers of disease predisposition and therapeutic response.
